This study explored the influence of high intensity ultrasound (HIU) coupled with 14 thermoprocessing (thermosonication) on the inactivation of Geobacillus stearothermophilus 15 vegetative cells and spores in skim milk powder using response surface methodology (RSM) and 16 two polynomial models were developed. Optimization of cell reduction (4.8 log) was found to be 17 at 19.75% total solids (TS), 45°C, and 30 sec, while optimization of spore reduction (0.45 log) 18 was found to be at 31.5% TS, 67.5°C, and 17.5 sec. Model verification experiments were 19 performed using common milk powder processing conditions. Results showed the inactivation of 20 cells and spores to be most effective before (9.2% TS, 75°C, and 10 sec) and after (50% TS, 21 60°C, and 10 sec) the evaporator during milk powder processing and may produce an additive 22 effect in microbial reduction when the two locations are combined, resulting in a 5.8 log 23 reduction for vegetative cells and 0.51 log reduction for spores. 24
Introduction 26
Generally, high temperature short time (HTST; 72°C for 15 sec) pasteurization 27 conditions are used in the processing of fluid milks and milk products. These conditions allow 28 for the destruction of most pathogenic and spoilage-causing microorganisms without 29 significantly affecting the physical and chemical composition of the final product (Walstra, 30
Geurts, Noomen, Jellema, & van Boekel, 1999). However, pasteurization is not always effective 31 at producing the desired log reduction of mesophilic and thermophilic spore-forming bacteria, 32 which are responsible for spoilage and decreased quality in milk products ( Although the initial concentration of thermophiles and spores in raw milk entering a dairy 44 processing facility are estimated to be <10 cfu mL -1 , they are able to survive pasteurization and 45 grow in biofilms (Burgess, Lindsay, & Flint, 2010; Scott et al., 2007) . Spores, residing in 46 biofilms, contaminate the product as it flows through the processing line. A recent study by 47
Beuhner (Buehner, Anand, & Djira, 2015) showed levels of spores and thermoduric bacteria in 48 milk powders processed in the Midwestern USA were 3.6 log cfu g -1 and 3.5 log cfu g -1 respectively with the predominant organisms identified as Bacullus lichenformis, Bacillus 50 pumilus, Bacullus sonorensis, and Geobacillus stearothermophilus (Buehner et al., 2015) , 51 suggesting issues of contamination during processing. Once introduced to a more favorable 52 environment during reconstitution of dry milk powder, the spores can germinate, grow, and 53 produce proteases and lipases, resulting in off-flavor development and spoilage in the products 54 containing milk powders (Scott et al., 2007; Lücking et al., 2013) . 55
In recent years, the application of thermosonication, or high intensity ultrasound (HIU), 56
has been explored as a means to increase the inactivation of vegetative and spore-forming aureus and Escherichia coli in fluid milk containing 4% milk fat. Data analysis was performed 71 using response surface methodology (RSM) in order to study the effect of 3 variables: HIU time, 72 sterile water. The sample was incubated for 10 min in an 80°C water bath to germinate the 144 spores. Twenty-five milliliters of tryptic soy broth (TSB) was inoculated with 1 mL of 145 germinated bacteria in a sterile 250 mL Erlenmeyer flask covered with sterile foil and incubated 146 at 55°C aerobically for 24 hrs in a shaker at 100 rpm. The OD 600 nm was measured to be 147 approximately 0.566 after 24 hrs, which corresponded to 10 7 cfu mL -1 as determined by plating 148 on tryptic soy agar (TSA: VWR, Atlanta GA, USA). A subculture was grown by inoculating 25 149 mL of TSB with 0.1 mL of culture grown from germinated cells in a sterile 250 mL Erlenmeyer 150 flask covered with sterile foil. Cells were grown aerobically at 55°C in a shaker at 100 rpm for 151
16-18 hrs (Kotzekidou, 2014). 152
Freezer stocks were made by inoculating 20 mL of TSB containing 30% w/v glycerol 153 with 2 mL of subculture and aliquoted and stored in 2 mL cryo-vials at -20°C. Cultures for 154 experiments were grown by inoculating 25 mL TSB with 0.1 mL of freezer stock and incubated 155 at 55°C in a shaker at 100 rpm for 16 to 18 hrs. For spore samples, G. stearothermophilus spores 156 were obtained directly from the commercial stock solution. 157 158
Preparation of skim milk powder 159
Skim milk powder (Extra Grade Spray Process, Darigold, Inc., Seattle, WA, USA) was 160 reconstituted to between 8 and 55% TS. The powder was weighed and mixed with 60°C sterile 161 water for 3 min using a hand-held high-speed blender, followed by a solids test performed using 162 the oven drying method. Briefly, the total solids was determined by the weight difference of 3.5 163 mL of sample before and after drying at 80°C for 12 hrs. The rSMP was then heated at 80°C for 164 20 min to destroy any existing bacteria that might cause potential contamination during 165 experiments. The 8 and 31.5% TS rSMP were stored at 4°C for up to 1 week before a new 166 sample was made. The 55% TS RSMP was remade prior to each experiment due to solidification 167 at temperatures below 30°C. During treatments, rSMP was held at 60°C to ensure fluidity and 168 easy pouring for experiments, then adjusted to the experimental temperature. 169 170
Thermosoication conditions 171
Treatments with HIU were performed in batch using a 10 mL double-walled glass 172 cylinder (diameter: 2.8 cm outside, 1.7 cm inside; height: 6.3 cm outside, 5.3 cm inside) 173 containing 6 mL of sample. A water bath was used to control the temperature and to bring the 174 rSMP up to the appropriate temperatures prior to inoculation. Experiments were performed using 175 a 20 kHz Misonix Sonicator® 3000 (QSonica, LLC, Newtown, CT, USA) with a 0.32 cm 176 (diameter) stainless steel tapered sonicator microtip (ID: 4418, QSonica, LLC, Newtown, CT, 177 USA) with an amplitude of 240 µm at a dial setting of 10. All materials were rinsed with 10% 178 w/v bleach solution, followed by sterile water before and after each treatment to avoid cross-179 contamination. Treatments not involving HIU (heat only) were done in a water bath using 15 180 mL sterile tubes containing 6 mL of sample. The rSMP was brought to temperature in the tubes, 181 followed by inoculation of the microorganism. 182
For vegetative cells, 6 mL of rSMP was brought to the specified treatment temperature in 183 either the 10 mL glass cylinder (HIU treatments) or 15 mL sterile tube (non-HIU treatments) 184 using the water bath. Once brought to the appropriate temperature, the sample was inoculated 185 with 1 ml (10 8 cfu mL -1 ) of G. stearothermophilus culture. After inoculation, 0.5 mL of sample 186 was collected and placed on ice until ready to plate. The remaining sample was then treated with 187 HIU or thermal processing. After treatment, the sample was poured into a 15 mL sterile tube and 188 kept on ice until ready to plate. This entire procedure was performed each time for each 189 experiment and its duplicate. Dilutions of samples were made in sterile water and plated on TSA 190 and incubated for 24 to 48 hrs in a humidified incubator at 55°C to determine log reductions. Thermometer, VWR, Atlanta GA, USA) and plotted as a linear graph to determine precision 212 among replicates. Specific heat capacity was determined using a differential scanning 213 calorimeter (DSC, Auto Q20 2910, TA Instruments, New Castle, DE, USA) for 8%, 31.5%, and 214 55% TS rSMP in duplicate. A baseline control was run from 25 to 80°C with a 5 min holding 215 period at 25°C and 80°C and a ramp rate of 5°C min -1 . Five to 15 mg of rSMP sample (8%, 216 31.5%, 55% TS) was placed in an aluminum pan for DSC analysis. The sample was heated to 217 80°C with a ramp rate of 5°C min -1 to determine the specific heat capacity at 45°C, 60°C, and 218 75°C. Each sample was run in duplicate. 219 220
Results and discussion 221

Geobacillus stearothermophilus vegetative cells 222
In general, log reductions of G. stearothermophilus vegetative cells with HIU were 223 significantly greater than log reductions from thermal processing treatments alone as shown in 224 Table 1 . Log reductions with HIU ranged from 0.77 ± 0.29 to 5.0 ± 0.38 while heat treatments 225 without HIU yielded less than 1.5 log reductions. The D73-value for G. stearothermophilus 226 vegetative cells treated without HIU was 2.1 min while the D73-value for cells treated with HIU 227 was 5.3 sec. This strongly shows that HIU was effective for a synergistic inactivation of cells. 228
Higher log reductions were observed in samples treated with HIU for longer amounts of 229 time, regardless of TS content or temperature. For example, rSMP at 31.5% TS treated with HIU 230 for 30 sec at 45°C yielded a 5 log reduction while with the same solids content treated with HIU 231 for 5 sec at 45°C resulted in a 1.1 log reduction. This trend is similar among samples with the 232 same solids content throughout the table, implying that higher log reductions are achieved with 233 longer HIU treatment times. 234
Another interesting aspect shown in the data is the influence of solids content. rSMP 235 samples with 8% TS treated with HIU for 17.5 sec (45°C) (1.8 log reduction) and 5 sec (60°C) 236 (0.77 log reduction) resulted in lower log reductions than 55% TS rSMP treated with the same 237 conditions (2.5 and 2.4 log reductions respectively). However, 8% TS rSMP treated with HIU at 238 60°C for 30 sec (3.5 log reduction) and 75°C for 17.5 sec (3.8 log reduction) yielded higher log 239 reductions than 55% TS rSMP treated under the same conditions (2.9 and 2.8 log reductions 240 respectively). Higher solids concentration may, therefore, contribute to a greater bactericidal 241 effect at lower temperatures coupled with shorter treatment times since it results in a higher 242 amount of energy, or acoustic power being transferred into the media. The highest acoustic 243 power values were observed at 55% TS (39.1 W) followed by 31.5% TS (39.7 W). The increase 244 in acoustic power translates to greater acoustic cavitation and more direct damage to the cell for 245 increased cell death. However, greater acoustic power generated within the system did not 246 always directly correlate with a higher log reduction. As such, log reductions induced by HIU 247 must be a result of a combination of many factors as described by Chandrapala et al., (2012a) . 248 ANOVA (Table 2) reduction. In Figure 1A and B, there is an increase in log reduction with an increase in TS vs. 266 time and temperature respectively. As stated previously, the highest acoustic power values were 267 obtained at 55 and 31.5% TS and results in more caviatation. This would translate to a higher 268 degree of damage to cells, resulting in increased microbial destruction. 269
In Figure 1B , there is an observed increase in log reduction at a high solids concentration 270 over an increase in treatment time when temperature is held constant. This effect supports the 271 equation generated for the predictive model where treatment time is the most significant 272 predictor. A longer treatment time allows for longer exposure to elevated temperatures and 273 cavitation, resulting in a greater bactericidal effect. The second most significant predictor in the 274 model is the interaction between temperature and time, which can be seen in Figure 1C . At low 275 temperatures, log reductions were highest at longer treatment times. However, there is an 276 observed decline in log reduction at higher temperatures and longer treatment times. The 277 interaction between temperature and treatment time shows a linear relationship with that of log 278 reduction. Numerical optimization results based on the conditions defined in the experimental 279 parameters predicted the largest log reduction (4.8) to occur when HIU is applied to 19.75% 280 rSMP at 45°C for 30 sec. A maximum optimum, however, was not observed in this model using 281 the defined experimental parameters, which fall outside of common conditions utilized in milk 282 powder processing facilities (e.g. longer treatment times and/or higher temperatures). 283
In comparison to the data obtained in this experiment, log reductions from HIU were 284 greater than those observed by Herceg et al., (2012) when HIU was applied to S. aureus and E. 285 coli in fluid milk using ultrasound for 6 to 12 min at amplitudes of 60 to 120 µm. However, 
Verification of G. stearothermophilus vegetative cell model 294
The response surface plots in Figure 1 show that there was an increase in microbial 295 destruction with an increase in both temperature, TS, and time, but at maximum values of each, 296
there was a dip in the surface. To confirm the accuracy of the model, experimental runs were 297 done (Table 3) . When only the time is changed from 20 to 30 sec with conditions of 55% TS 298 and 72°C, we see the log reductions are higher at 20 sec, confirming the dip in the surface with 299 longer times. Additional verification runs were performed at low (10%), medium (30%) and 300 high (55%) TS content at the same treatment time (10 sec) and temperatures (45°C) ( Table 3) . 301
The experimental log reductions fall within the range of the predicted, confirming accuracy of 302 the model, and showing the highest inactivation at 55% TS. 303
During SMP production, skim milk is preheated to approximately 55°C before 304 pasteurization at temperatures of approximately 75°C (containing 9.2% TS) followed by 305 evaporation at 60°C. Evaporation at 60°C is done until the solids content reaches 50% and this 306 is followed by spray drying. We wanted to determine the location in a SMP processing plant 307 where G. stearothermophilus bacterial cell destruction would be maximized at low treatment 308 times of 10 sec (to simulate a flow-through sonicator) by incorporation of HIU. Table 3 shows 309 that the highest microbial inactivation (2.99 log) occurs at 9.2% TS which is after pasteurization 310 and before evaporation. The second highest inactivation (2.76 log) was seen at 50% TS at 60°C 311 which is after evaporation. 312
Although the level of thermophilic bacteria entering a dairy processing plant is generally 313 low, <10 cfu mL -1 , they are found at levels of 3.5 log cfu g -1 in the dried milk powders ( provide a constant inoculum to the milk stream yielding higher levels of microbes in the final 318 product than the incoming milk. Our verification results suggest that placing a sonicator after a 319 plate heat exchanger, before the pasteurizer (55 °C) would result in minimal inactivation (1.44 320 log) compared to the higher temperatures after the pasteurizer. 321 322
Geobacillus stearothermophilus spores 323
Seven of the 13 treatments showed log reductions for G. stearothermophilus spores 324 treated with thermosonication compared to without HIU (Table 4) with HIU would require a time frame outside feasible processing conditions. 331
Referring to Table 4 , it is difficult to relate the influence of treatment time with %TS. 332 HIU treatments on 55% TS rSMP at 60°C for 30 sec resulted in log reductions at twice the level 333 observed in 8% TS rSMP treated under the same conditions. Conversely, HIU on 55% TS rSMP 334 at 75°C for 17.5 sec yielded a lower reduction than in the 8% TS rSMP treated with the same 335 temperature and time. In both cases, the higher log reductions corresponded to higher levels of 336 acoustic power and differences in solids concentration. However, this relationship between log 337 reduction and acoustic power does not follow through with all of the experiments concerning 338 spores. Overall, log reductions were fairly similar among samples with 8% and 55% TS and 339 increased in samples with 31.5% TS. The largest reductions were observed in 31.5% TS at the 340 high and mid temperatures with shorter treatment times (Table 4) Canonical analysis in RSM determined that based on the shape of the plots a maximum log 357 reduction can be obtained from the predictive model. The maximum log reduction predicted by 358 numerical optimization of the model was determined to be 0.45 log at 31.5% TS sonicated at 359 67.5°C for 17.5 sec. 360
In Figure 2 , low log reductions are shown at both high and low solids as well as at long 361 and short times whereas the effect of temperature is linear. Figure 2B displays a similar trend 362 seen in Figure 2A for the effect of solids vs. temperature and time. Unlike the G. 363 stearothermophilus vegetative cells, an increase in time does not correspond to an increase in log 364 reduction at low or high solids concentrations. Instead, the largest log reductions are observed at 365 median treatment times and solids concentrations. In Figure 2C , increases in temperature with a 366 slight increase in treatment time resulted in a maximum log reduction of spores; however, the 367 level of reduction plateaus shortly before the highest experimental temperature of 75°C, which is 368 similar to the shape of the graph in Figure 2A spore destruction is more heavily dependent on solids concentration, which was not a variable 384 that was shown to substantially affect vegetative cell inactivation. In the case of both vegetative 385 cells and spores, however, the length of exposure to HIU has proven to be a common significant 386 factor. 387 388
Verification of G. stearothermophilus spores model 389
Experiments were performed to verify the RSM predictive spore model at high (50%), 390 middle (32%) and low (8%) TS (Table 3 ). All observed log reductions were within the 391 predictive range, validating the model even though not all conditions in Table 4 showed a 392 significant reduction in spores with HIU treatment. Verification experiments were then run using 393 common SMP processing conditions. Results show that incorporation of a flow-through 394 sonicator would be most efficient at conditions of 50% TS, 60°C and 10 sec resulting in a 0.27 395 log reduction of G. stearothermophilus spores. Therefore, the most effective location of a flow-396 through sonicator would be before spray drying, directly after evaporation. The second best 397 location would be at 9.2% TS, 75°C and 10 sec which is just after the pasteurizer, before 398
evaporation. 399
Although this research showed less than one log reduction in spores was achieved under 400 all conditions tested, this still may be beneficial to a SMP processing facility. If flow-through 401 sonicators are placed before the evaporator specifically for vegetative cell inactivation and after 402 the evaporator for spore inactivation, the total combined reduction would be 5.75 log vegetative 403 cells and 0.51 spores. Obviously a 5.75 log reduction in thermophilic vegetative cells may not 404 be necessary, but since these cells can survive pasteurization conditions and contribute to biofilm 405 formation, vegetative cell reduction in general may reduce overall biofilm formation. 
